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ABSTRACT 

A signaling cascade termed the "spindle checkpoint" monitors interactions between the 
kinetochores of chromosomes and spindle microtubules to prevent precocious separation of sister 
chromatids. We have investigated the role of human inhibitor of apoptosis protein (lAP) survivin 
in regulation of cell division. We demonstrate that HeLa and PtKl cells transfected or 
microinjected with survivin anti-sense oligonucleotides produce significantly more polyploid and 
micronucleated progeny cells and show abortive mitosis when treated with spindle poisons. 
Furthermore, perturbation of survivin function in HeLa and PtKl cells with anti-sxirvivin 
antibodies at the begiiming of mitosis affects the normal timing of separation of sister chromatids 
and disturbs the 3F3/2 phosphoepitope-recognized tension sensing mechanism of the spindle 
checkpoint. This leads to premature separation of sister chromatids, which results in an uneven 
distribution of chromosomes between the newly formed progeny cells — an event associated with 
tumor formation in many cell types. Finally, cells injected with anti-survivin antibody exit 
mitotic block induced with microtubule drugs. Our data suggest that survivin protein may 
function within the spindle checkpoint pathway. 
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nset of anaphase normally occurs when all the chromosomes are aligned at the metaphase 



plate and equal physical tension created by the opposing microtubule pulling forces is 



applied to each pair of sister kinetochores. Misalignment of a cliromosome(s) creates 
unequal tension at the kinetochores keeping the spindle checkpoint active (1, 2). If prolonged, 
this misalignment causes arrest of the cell cycle before sister chromatids separate (1-3). During 
the arrest, incorrectly aligned chromosome(s) are provided extra time to achieve bipolar 
attachments and to complete their movement to the spindle equator. Alignment of all the 
chromosomes switches off the checkpoint and activates a ubiquitin ligase, anaphase-promoting 
complex/cyclosome (APC/C), which selectively marks anaphase inhibitors for destruction (4, 5). 
Recently, proteins belonging to the family of inhibitors of apoptosis (lAPs) have been implicated 




in the progression of cell cycle and in programmed cell death termed "apoptosis." The human 
lAP survivin appears to play a role in mitosis (M phase) and apoptosis, as cell populations with 
lower than normal levels of survivin mRNA or mutated survivin protein produce polyploid 
progeny cells and are sensitized to cell death (6-8). Moreover, mutant worms lacking the 
survivin-like C. elegans BIR-1 protein show defects in cytokinesis, which suggests a function for 
survivin and its homologues during late mitotic events (9, 10). BIR-1 physically interacts with 
the Aurora-like kinase AIR-2 and possibly affects chromosome behavior and organization of the 
midbody through this association (10). A recent knockout study shows that survivin is essential 
for early embryogenesis and that the protein transiently locates to the kinetochores of human 
cells from late prophase to metaphase (11, 12). Moreover, survivin has been shown to associate 
with the cyclin-dependent kinase p34*'^''^ and to be phosphorylated in M phase on Thr^"* by 
p34*^^*^^-cyclin Bl (13). Although it is clear from the data above that survivin and its homologies 
play a role during the M phase and in apoptosis, the actual signaling cascade in which survivin 
participates in is not known. Here we have investigated the effects of perturbing lAP survivin 
during M phase and provide evidence for a link between the control of mitotic progression and 
lAPs in mammalian cells. 

MATERIALS AND METHODS 

Cell culture 

Adherent HeLa and Ptkl (rat kangaroo) cells were cultured in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal calf serum and antibiotics. Both cell lines were maintained 
at l^TC in a humidified 5% CO2 atmosphere. 

Antibodies 

Affinity-purified rabbit anti-human survivin antibody was custom manufactured for 
microinjection purposes by the Alpha Diagnostics International Inc. (San Antonio, TX). The 
antibody was diluted in KCI-PO4 microinjection buffer at a stock solution concentration of 10 
mg/ml. The needle concentration used in the microinjection experiments was 1-5 mg/ml. For 
immunolabeling, anti-3F3/2 ascites, a generous gift from Gary Gorbsky, were used at a 
concentration of 1:2500. In some experiments, Crest anti-centromere antibody (Cortex Biochem, 
San Leandro, CA) and anti-P-tubulin antibody (Sigma, St. Louis, MO) were used to label mitotic 
kinetochores and microtubules, respectively, at concentrations of 1:400 and 1:100. 

Western blotting 

Cycling and mitotic HeLa and PtKl cell populations were lysed in RIPA buffer (20 mm Tris- 
HCL, pH 7.7; 100 mM KCl; 50 mM sucrose; 0.1 mM CaCh; 1 mM MgCh; 0.5% Triton X-100) 
with protease inhibitors (5 |ag/ml leupeptin and pepstatin and 1 |ig/ml aprotinin) for 12 min on 
ice with occasional vortexing. We centrifuged the extracts for 10 min at 15.000 g at 4°C and 
prepared supematants in sample loading buffer with p-mercaptoethanoL Proteins were separated 
on a 10% sodium dodecylsulfate-polyacrylamide gel and transferred to an Immobilon-P 
membrane (Millipore Corp., Bedford, MA). The membranes were blocked with 5% bovine 
serum albumin (BSA) in TEST (10 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 45 min, 



washed, and incubated with polyclonal anti-survivin antibody (200 ng/ml in TBST) for 90 min. 
The washed membranes were incubated with HRP-conjugated AffmiPure goat anti-rabbit IgG 
(Jackson IrnmunoResearch, West Grove, PA) 1:30,000 in TBST for 1 h. We visualized the 
proteins by using the Renaissance chemiluminescence kit (Dupond-NEN, Boston, MA). 

Survivin antisense oligonucleotides and transfection experiments 

Fluorescein isothiocyanate (FITC)-conjugated survivin antisense (7) (5'- 
TGTGCTATTCTGTGAATT) and a scrambled control (5 '-TAAGCTGTTCTATG TGTT) 2'-0- 
methoxyethyl nucleoside containing (underlined in the sequence) oligonucleotides were 
synthesized with uniform phosphorothioate linkages. Oligonucleotides we re administra ted to 
cells by two methods: microinjection (see below) or liposome-mediated DNA transfer, HeLa and 
PtKl cells were transfected with 200-400 nM concentrations of control or survivin antisense 
oligonucleotides using FuGENE 6 reagent (Roche Diagnostics Corporation, Indianapolis, IN), 
according to the manufacturer protocol. These concentrations have inhibited endogenous 
survivin RNA expression by at least 80% in HeLa cells (7). The transfected cells were incubated 
at 37°C for 16 to 24 h before harvest. Transfection efficiency typically varied between 55%- 
75%. In some experiments, cells growing on coverslips were transfected with the scrambled or 
survivin antisense oligonucleotides and were incubated for 12 hours at 37°C, after which 
nocodazole was added at concentration of 1.0 jjLg/ml.jCells on coverslips were harvested at 0-, 2-, 
4-, 6-, and 8-h time points after addition of the drug. 

Microinjection and live cell analysis 

For live cell experiments and microinjection, we used a Narishige M-152 micromanipulator with 
hydraulic operating unit MO-22 (Narishige USA, Greenvale, NY) and a Nikon Diaphot™ 
^inveftedTnicro'sc'ope~equipp^^^ Inc., Rockville, MD). HeLa and 

PtKl cells were grown on a coverslip attached over a hole in the bottom of a 60-mm Petri dish. 
In some experiments nocodazole and taxol were used at concentrations of 1.0 |aM and 100 nM, 
respectively. The injection chamber was placed on the prewarmed microscope stage, and the 
cells were injected at different phases of cell division in groups of at least five cells per time 
point. Anti-survivin antibodies were introduced into the cells at concentrations 1.0-5.0 mg/ml 
diluted in KCI-PO4 microinjection buffer. Control cells were injected with the KCI-PO4 buffer. 
After microinjection, the cells were monitored and cinematographed by using a Hamamatsu 
CCD camera and image capture software (Hamamatsu Photonics Norden AB, Solna, Sweden). 
The images were processed fiirther by using Adobe Photoshop (Adobe Systems Inc., San Jose, 
CA) and Corel Draw (Corel Corp., Ottawa, Ontario, Canada) software. In another set of 
iirdependent~^xperim'ents7 HeLa" cells' were injected intolHe~cytoplasm"or micleus with'FITC- 
conjugated control or survivin antisense oligonucleotides at needle concentration of 10 ^M. In 
each of four experiments, we injected 50-100 cells. Each injected cell was separated by at least 
0.1 mm fi-om another injected cell. The cells were cultured overnight, fixed with 3% 
paraformaldehyde in MBS (10 mM Mops; 150 mM NaCl, pH 7.4) followed by DNA-staining 
with DAPI (4,6-diamidino-2-phenylindole) for 2 min (200 ng/ml, Sigma) and examined by 
fluorescence microscope. 



Analysis of the oligonucleotide transfected cells 



In order to determine survivin proteiiT'levels after antisense targeting, we measured the 
fluorescence intensity of anti-survivin antibody detected survivin in cell populations treated with 
FITC-scrambled or FITC-survivin antisense oligonucleotides by using a GENIos plate reader 
(Tecan Inc., Research Triangle Park, NC). In brief, cells grovm to '-60% confluence at the 
bottom of a 24-well plate were transfected with 400 nM scrambled control antisense, 200 nM 
survivin antisense, or 400 nM survivin antisense by using FuGENE 6 reagent (Roche 
- ^ Diagnostics-Corporation). -The cells- were^fixed '24 h-later- with -2.5% formaldehyde and were 
immunolabeled by using anti-survivin antibody detected with a Cy-3 secondary antibody. The 
fluorescence intensities were measured from two separate channels; Cy-3 channel was used to 
measure the fluorescence intensity of immunohistochemically detected survivin, while the 
fluorescein .channel was usedJo„meas.ure the fluorescence intensity of the cells containing the 
FITC-conjugated antisense oligonucleotides. Three independent experiments, each containing 
-three- samples-per-_an antisense oligonucleotide.- dilution,-were_ conducted. Mock- transfections 
(n=4) without any antisense oligonucleotides were used to determine the background 
fluorescence from the FITC- and Cy3 -channels that was subtracted from the antisense targeted 
samples. To determine the effect of microinjected antisense oligonucleotides, we analyzed the 
morphology of a total of 200 HeLa cells in both control and survivin antisense oligonucleotide 
treated cell populations. We also scored the frequencies of micronucleated cells and cells 
showing signs of apoptosis (condensed chromatin and nuclear fragmentation) among a 
population of 1,500 cells from three individual experiments. Finally, we determined the 
percentages of M-phase cells showing signs of abortive mitosis (decondensation of chromatin 
and/or formation of cleavage furrow) after various incubation times in nocodazole (a total of 300 
mitotic cells per each time point from three independent experiments were analyzed) within the 
control and survivin antisense oligonucleotide transfected PtKl cell populations. 

Immunofluorescence 

For immunolabeling, cells growing on coverslips were simultaneously fixed and extracted for 15 
min in 0.1% Triton X-100 in MBS containing 2.5% formaldehyde and 100 nM of phosphatase 
inhibitor microcystin LR. After washes with MBST (MBS with 0.05% Tween 20), the cells on 
were blocked with 20% boiled goat normal serum in MBST for 60 min. The cells were incubated 
in primary antibodies for 60 min. Cy3- or fluorescein-conjugated secondary antibodies (Jackson 
ImmunoResearch Laboratories Inc.) were used to visualize the primary antibody epitopes. Anti- 
rabbit IgG antibodies (Sigma, 1:800) were used to detect the injected anti-survivin antibodies. 
The DNA was counterstained with DAPI. For analysis of 3F3/2 phosphoepitopes in the anti- 
survivin and control buffer injected cells, we analyzed 5-to-lO cells per each time point (2-4 
min, 6-8 min, 10-14, 16-20, and 22-28 min after nuclear envelope breakdown [NEB]). In the 
analyzed cells we calculated the number of 3F3/2 positive spots that co-localized with the 
kinetochores (Crest signals). 

Statistical analysis 

We performed statistical analysis by using either Student's Mest or two-factor ANOVA with a 
95% confidence range. 



RESULTS 



Induction of abortive mitosis and polyploidy 
by survivin antisense oligonucleotides 

To investigate the effects of inhibiting survivin during mitosis, we administrated FITC- 
conjugated control and survivin antisense oligonucleotides into the HeLa and PtKl cells by 
^either- microinjection- or" transient "transfection. In the HeLa cells transfected with the 2'-0- 
methoxyethyl chimaeric oligonucleotide at 200 and 400 nM concentrations, the endogenous 
survivin protein was reduced significantly in a concentration dependent manner by -30% to 80% 
after survivin antisense targeting (P<0.05; 200 nM survivin antisense, P<0.01; 400 nM survivin 
,antisense),_whereas the scrambled control oligonucleotide had no effect (FigMA). As the 
transfection efficiency varied between 30%-70% there was always a population of untransfected 

— xells-with normal amount ^of~survivin-RNA-and-protein present in the cell harvests._Thus it is 
likely that levels of survivin protein in the transfected cells were reduced even more. Earlier 
studies demonstrated induction of apoptosis on transfection with siirvivin antisense 
oligonucleotides (7, 8) usually ranging 10%-15% in cycling cell population. We did not observe 
any significant increase in the frequency of apoptotic cells after transfection with survivin 

antisense _pligonucleoJides,_even after, 24-h incubation. In both cell populations, a low percentage 

of apoptotic cell was scored (control, 1.3 ± 1.5 with range l.l%-2.7%; survivin antisense, 2.2 ± 
1.3, range 0.9%-3.3%). However, the frequencies of abnormally large cells and micronucleated 
cells were increased significantly in the survivin antisense oligonucleotide-transfected PtKl cell 
populations compared with controls (P<0.01, Table 1) . Induction of polyploidy by the survivin 
antisense oligonucleotides was confirmed with HeLa cells that were microinjected with either 
scrambled or survivin antisense oligonucleotides and were cultured overnight. In order to clearly 
det^miwtharannnj^i^t^^^^^^ we 
microinjected cells that were apart from each other by at least 0. 1 mm. In the population injected 
with FITC-conjugated survivin antisense oligonucleotides, 32.5% of the cells (65/200) did not 
divide but become abnormally large during the overnight incubation, whereas only 2% (4/200) of 
the control cells had the same phenotype (Fig. IB, P<0.01). Next, we investigated the effect of 
microtubule drug-induced M phase block on the cells transfected with the control or survivin 
antisense oligonucleotides. In this experiment, we used PtKl cells as they have certain 
advantages over the smaller HeLa cells; they have fewer chromosomes and remain flatter during 
M phase. Furthermore, micronuclei are more apparent in PtKl cells compared with the HeLa 
cells. PtKl cells were transfected with control or survivin antisense oligonucleotides at 
concentration of 400 nM, incubated overnight and were then arrested at M phase with the 
microtubule destabilizing drug nocodazole. The cells were then harvested at 0-, 2-, 4-, 6-, or 8-h 
time points. The frequency of fluorescent cells with micronuclei was significantly higher at 0-, 2- 
, 6-, (P<0.05), and 8-h (P<0.01) time points in the survivin antisense oligonucleotide-transfected 
cells compared with controls (Fig. IC) . We also determined how many nocodazole-treated M 
phase arrested cells showed signs of abortive mitosis, such as decondensation of chromatin and 
formation of cleavage furrow at the different time points (Fig. IC) . Survivin antisense-targeted 
mitotic cells aborted M phase more frequently than control cells especially at 6-h (P<0.01) and 
8-h (P<0.05) time points where 19.0 ± 2.3% and 12.3 ± 3.5% were in process of exiting M 
phase, respectively. Cells in Figure 2 show the different phenotypes of the abortive mitosis 



observed in the survivin antisense oligonucleotide-transfected PtKl cells at the 6-h time point. 
From these results we conclude that antisense targeting of survivin induces cell division defects 
that lead to formation of polyploid and micronucleated cells. Moreover, cells lacking normal 
levels of survivin protein escape chemically induced M phase block and exit mitosis abnormally 
causing polyploidy and aneuploidy. 

Anti-survivin antibodies induce premature onset of anaphase 

^Inorder-to investigate the effects of "perturbed survivin -function-during- mitosis we used a 

microinjection technique. Many previous studies have relied solely on mutagenesis or antisense 
targeting of survivin. These strategies have resulted in a partial or total lack of functional 
survivin protein from the start of its normal expression at G2 phase of the cell cycle. By using 

anti-survivin antihody microinjection, we-have_been ahle_ta.block function.of survivin.at specific 

mitotic phases in normal cells and in cells treated with microtubule-stabilizing or microtubule- 
destabilizing-^drugs.- To-evaluate the- effects-of-anti=survivin ^antibodies (Alpha- Diagnostics 
International Inc, San Antonio, TX, 1.0-5.0 mg/ml needle concentration in KCI-PO4 
microinjection buffer) on the progression of cell division- we first microinjected HeLa and PtKl 
cells at different time points in mitosis from prophase through anaphase. We confirmed 
specificity of the antibody by Western blotting. In mitotic PtKl cells a major band is detected at 
16 kD rFig. 3Ay Irnmunofluorescent detection of anti-suryiyin. antibody showed protein 
accumulation at the spindle poles (Fig. 3A) . Only cells injected with anti-survivin antibodies 
between late prophase and early prometaphase showed a specific cell division defect. Essentially 
the same defect was observed in both HeLa and PtKl cell lines. However, the flatter morphology 
and fewer chromosomes of the PtKl cells allowed us to analyze mitosis in more detail by using 
live cell cinematography. Two cognate observations were made: anti-survivin antibody-injected 
PtKl cells separated their sister chromatids prematurely at late prometaphase or cells spent a 
significantly shorter time at the metaphase stage. We found that 9 of 22 injected PtKl cells 
(41%) initiated anaphase at late prometaphase before formation of metaphase plate. Figure 3B 
shows a representative set of micrographs from mitosis of a PtKl cell injected at early 
prometaphase with 2.0 mg/ml of anti-survivin antibodies. Onset of anaphase occurs before all the 
chromosomes have moved to the spindle equator leading to uneven distribution of the sister 
chromatids between the two progeny cells. The remainder of the anti-survivin antibody-injected 
PtKl cells (13 out of 22 cells, 59%) spent a significantly shorter time at the metaphase stage 
compared with the controls ( Fig. 3C ; 4.6 ± 1.1 min vs. 8.6 ± 1,9 min, P<0.01). Furthermore, the 
cells injected with anti-survivin antibodies at late prophase or at early prometaphase started 
anaphase in an average 26.8 ± 5.3 min (range 17-34 min) after the NEB, which is significantly 
different from the controls (Fig.-3G : 32.9 ± 6.9 min7P<0:05)."All anti-survivin antibody^injected 
" ™l;ellsr including"th6se experiencing" prematur^^ of aMphase^it~mit6sis normally without 
defects in cytokinesis. We noted only a slight delay in anaphase and telophase chromosome 
movements and in progression of cytokinesis, possibly due to formation of chromosome bridges 
( Fig. 3C) . Injection of metaphase (n=5) or anaphase («=5) cells with anti-survivin antibodies had 
no effect on progression of late mitosis or exit from M phase (data not shown). 



Anti-survivin antibody-injected cells escape 
the chemically induced M phase block 



Spindle damage induced by microtubule poisons, such as nocodazole, is known to cause a 
prolonged metaphase arrest of several hours (13). To determine whether blocking of survivin 
function during mitotic arrest affects the length of the delay, we injected nocodazole- and taxol- 
treated PtKl cells with anti-survivin antibodies. All of the anti-survivin antibody-injected cells 
(«=10) escaped the M phase block within 3 h of the injection (149.7 ± 37.8 min; Fig. 4) , whereas 

all"the'Control-cells-(«=10)'remained-an'ested-in-M-phase"for-at-least-8-h~( not shown). Gells 

treated with spindle poisons and injected with anti-survivin antibodies decondensed their 
chromosomes and returned to interphase without completing cytokinesis and consequently 
formed micronucleated giant cells (Fig. 4) . Similar results were observed with both taxol and 

nocodazole. 

- The 3F3/2 phosphoepitope is lost prematurely from - ^ ^ 

the mitotic kinetochores of anti-survivin antibody-injected PtKl cells 



One marker for the spindle-checkpoint- is the -3F3/2 phosphoepitope that responds to physical 
tension mediated by the opposing spindle microtubules at the sister kinetochores of a 
chromosome (14, 15).Jn a noimal cell, 3F3/2 epitopes are.phosphorylated during prometaphase 
and localize to the kinetochores of chromosomes and to the spindle poles (14). As the 
chromosomes move to the spindle equator, the 3F3/2 epitope is dephosphorylated and is lost 
from the kinetochores but not from the spindle poles (14, 15). When all kinetochore-bound 3F3/2 
is lost from each chromosome of a cell, the checkpoint is switched off and the cell cycle 
progresses to anaphase. To determine what happens to 3F3/2 phosphoepitope expression in the 
control buffer or anti-survivin antibody-injected PtKl cells, we fixed and immunolabeled cells 
-with-anti=3F-3/2-antibody-at-different-time~points-after-the-manipul^ cells. 
Figure 5 shows that the 3F3/2 phosphoepitope is lost prematurely from the kinetochores of anti- 
survivin antibody-injected PtKl cells. However, intensity of the 3F3/2 fluorescence signals at the 
spindle poles did not change over time in the anti-survivin antibody-injected cells (Fig. SAY 
Rather, they stay at approximately the same level of intensity as in the control buffer-injected 
cells (data not shown). The kinetics of the loss of fluorescent 3F3/2 signals from the kinetochores 
corresponds well with the timing of the precocious separation of the sister chromatids. Loss of 
the kinetochore-bound 3F3/2 phosphoepitope from the anti-survivin antibody-injected cells takes 
in average 14.0 ±3.0 min after NEB, which is significantly shorter compared with 24.0 ± 4.0 
min of control buffer-injected cells (Fig_5B; P<0.01). After the loss of 3F3/2 phosphoepitope 
from the kinetochores there is a -short period during which-the-inhibition-of-anaphase onset is 
alleviated. This same pheno^menofrhas"been"feport^ earlier with" nontreated cells (16) and was 
also observed here with the noninjected and control buffer-injected cells. In the control buffer- 
injected cells, the 3F3/2 phosphoepitope was lost normally from the kinetochores of an 
individual chromosome as it aligned at the spindle equator (Fig_5B). Finally, we investigated 
whether introduction of anti-survivin antibodies affects spindle assembly. A population of PtKl 
cells was injected at late prophase with anti-survivin antibodies or control buffer and was 
allowed to progress for 15 min in its division before fixation and immunolabeling with anti- 
tubulin antibodies. Analysis of the cells at the light microscope level demonstrates that 



introduction of the anti-survivin antibody or control buffer does not induce any apparent spindle 
damage (data not shown). 

DISCUSSION 

The human survivin gene has been implicated in apoptosis and in the regulation of cell cycle, 
however, its exact functions remain controversial. Here we have investigated the mitotic role of 
survivin by using survivin antisense oligonucleotides and anti-survivin antibodies followed by 
fluorescence microscopy and live cell cinematography. We show, consistent with previous 
reports for human survivin (7, 8), that perturbation of the survivin function by antisense targeting 
at G2 phase of the cell cycle causes cell division defects that result in production of aneuploid 
and polyploid cells. In both HeLa and Ptkl cells treated with survivin antisense oligonucleotides, 
the frequency of polyploidy was significantly higher compared with control cells treated with the 
scrambled oligonucleotides. However, we did not observe any significant increase in the number 
of apoptotic cells in the survivin antisense treated cells compared with the controls, contrary to 
earlier reports (7, 8). Probable explanations for this discrepancy are differences in the 
transfection procedures or in the timing and methodology of cell harvesting. 

To investigate the possible mechanisms of induction of polyploidy in detail, we microinjected 
early mitotic PtKl cells with anti-survivin antibodies and followed them as they progressed 
through mitosis. The injected anti-survivin antibody accumulates to the spindle poles. We were 
surprised that the anti-survivin antibody-injected cells exhibited premature separation of sister 
chromatids but had no apparent difficulties in exiting mitosis. In the anti-survivin antibody- 
injected cells, the duration of metaphase stage of mitosis was significantly shorter compared with 
controls. Furthermore, more than 40% of the anti-survivin antibody-injected cells separated their 
sister chromatids at late prometaphase before formation of a metaphase plate. To our knowledge, 
this is the first data suggesting a role for survivin in the actual process of chromosome 
segregation. Moreover, in the anti-survivin antibody-injected cells, the kinetochore-bound 3F3/2 
phosphoepitope was lost prematurely at late prometaphase, which indicates that the spindle 
checkpoint was affected in these cells (15). Other evidence for the role of survivin in the 
regulation of mitosis came from studies conducted with cells that were chemically arrested at M 
phase. Normally, cells with a hyperactivated spindle checkpoint retain high cyclin B levels and 
keep the chromosomes condensed for at least 12 h. Introduction of survivin antisense 
oligonucleotides or anti-survivin antibodies into these cells induced abortive mitosis yielding 
aneuploidy and polyploidy. Together these results suggest a link between survivin function and 
control of the metaphase-anaphase transition by the spindle checkpoint. 

A recent discovery of multiple human and murine survivin isoforms perhaps explains the 
different mitotic effects induced by survivin targeting (17). In both species, three differentially 
expressed survivin cDNAs with predicted isoform size of 140-, 120- and 40-amino acid residues 
have been identified, which suggests that survivin isoforms may play multiple roles in the 
regulation of apoptosis and cell division in mammals (Fig. 6) . At this point, however, it is 
impossible to determine which survivin isoform(s) the approaches we have used target (although 
the anti-survivin antibody used recognizes only the full-length, 1 40-amino acid residue in the 
Western blots). 



The present results also raise questions about the possible mitotic target(s) of survivin isoforms 
or the mitotic signaling cascade in which the proteins may participate (Fig. 6) . Survivin shares a 
number of characteristics with classical M phase regulatory molecules. It transiently localizes to 
the kinetochores, centrosomes, and microtubules during mitosis (7, 11, 18), and it is destroyed by 
ubiquitin-mediated proteolysis in a cell cycle-dependent manner (19). Also, the survivin-like C. 
elegans BIR-1 protein interacts -with aurora-like kinase AIR-2 (10). The members of aurora/Ipll 
kinase family have been implicated in cell division and chromosome segregation (20). For 
example, loss of function of S. cerevisiae Ipll results in aneuploidy and apoptosis (21), whereas 

" overexpression-of AIM- 1 -(Aurora-and-Ipli-like-midbody-associated protein- 1) induces uneven 
distribution of chromosomes between the daughter cells and polyploidy (22). In addition, 
Aurora2 kinase associates with Cdc20 (23), a regulator of APC/C that counteracts effects of 
Mad2 (24), an inhibitor of APC/C activity (25). The binding of Cdc20 to APC/C and consequent 
loss of Mad2 from the complex activates the APC/C-mediated proteolysis of anaphase inhibitors 
and induces entry into anaphase (26, 27). Introducing anti-Mad2 antibodies into mitotic cells 

^causes premature ac.tivation.of APC/C and precocious onset of anaphase (28), an event similar to 
what we have observed after anti-survivin antibody injections. Given this, it is tempting to 
speculate that the cell division defects we detect after perturbation of survivin fiinction could be 
caused by an effect on the function of the aurora/Ipll kinases or by an impact on the activity of 
the APC/C ( Fig. 6) . Finally, survivin may participate in regulation of the 3F3/2 phoshoepitope 
phosphorylation as the dephosphorylation and consequent loss of the 3F3/2 phophoepitope from 
the kinetochores at metaphase marks deactivation of the checkpoint and activation of the APC/C 
(29, 30), an event that occurred-prematurely in anti-survivin antibody-injected cells. Together 
these results suggest that survivin is a mitotic regulator and possible component of the spindle 
checkpoint machinery. Elucidation of the mechanisms by which survivin modulates activity of 
the spindle checkpoint will be valuable in understanding how aneuploidy contributes to 
malignant cell growth and tumorigenesis. 



Note added in proof 

Wheatley et al. (Current Biology, 2001, vol. 11, 886-890) have recently shown that survivin 
associates directly to both aurora-B and INCENP in yeast two-hybrid and in vitro pull-down 
assays. We have also observed a metaphase delay in HeLa cells injected with another anti- 
survivin antibody that recognizes the kinetochore and spindle microtubule bound survivin 
(unpublished results). 
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Table 1 

Induction of polyploidy and micronuclei by 
survivin antisense oligonucleotides in PtKl cells 



survivin antisense 
(400 nM) 



polyploid 47/1500 272/1500 
cells C%) (3. 1 ±0.8) (18,1 ±3.3)1_ 

MN(%) 2.5 ±1.5 11.5 ±3.5* 



scrambled antisense 
(400 nM) 



*Significantly different from the control (P<0.01). 
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Figure 1. Induction of polyploidy and micronuclei after survivin antisense targeting. A) Sxirvivin protein levels were 
reduced significantly in HeLa cells in a concentration-dependent manner after transfection with survivin antisense 
oligonucleotides. Fluorescence intensities of immunohistochemically labeled survivin protein and FITC conjugated 
scrambled and survivin antisense oligonucleotides were measured with a GENIos plate reader by using two' separate 
channels for Cy3 and FITC. The transfection efficiency, based on the FITC-channel fluorescence, did not differ markedly 
between the scrambled and survivin antisense oligonucleotide-transfected samples. The asterisks denote statistical 
difference (♦P<0.05; ♦*P<0.01) in survivin protein levels between the scrambled antisense and survivin antisense targeted 
cell populations. B) HeLa cells were microinjected with FITC-conjugated scrambled antisense or survivin antisense 
oligonucleotides at a needle concentration of 10 |iM and then incubated overnight. Many cells injected with the survivin 
antisense oligonucleotides had formed a large polyploid cell, some with MN (arrowhead), whereas most of the control 
cells had progressed through apparently normal mitosis and had formed two progeny cells of equal size. C) Induction of 
micronuclei and abortive mitosis after survivin antisense targeting of nocodazole treated PtKl cells. Cells transfected with 
FITC-conjugated control or survivin antisense oligonucleotides at concentration of 400 nM were treated with nocodazole 
(1.0 |ig/ml) for indicated time periods and then were analyzed for induction of micronuclei and abortive mitosis. 
Significantly more micronuclei were observed in the survivin antisense-targeted cells than in the controls at 0-, 2-, 6-, and 
8-h time points. Many of the survivin antisense targeted cells were exiting the M phase especially at 6- and 8-h time 
points. 
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Figure 2. Morphology of PtKl cells undergoing abortive mitosis after survivin antisense targeting and nocodazole 
treatment. The left panel shows the phase contrast image, the middle panels show the FITC and DAPI channels, 
respectively, and the right-hand panel shows the merge of FITC-conjugated survivin antisense oligonucleotides and DNA. 
After 6 h in nocodazole, 81% of the mitotic fluorescent cells remained at M-phase arrest with condensed chromosomes 
A) However, 19% of the FITC-positive cells were in the process of aborting mitosis (B-D). B) Some cells had already 
exited the M phase and had formed binuclear interphase cells indicative of errors in cytokinesis. C) Most of the cells 
aborting the M phase had misplaced cleavage furrows, which resulted in uneven distribution of chromosomes between the 
progeny cells. D) Occasionally polyploid early Gl cells were observed. The arrow points to the midbody between the 
daughter cells. Bar equals to 10 |im. 
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Figure 3. Effects of anti-survivin antibody microinjection on progression of cell division. A) Western blotting with 
anti-survivin antibody (C, cycling cell extract; M, mitotic cell extract). In the mitotic PtKI cell extracts, there is a major 
band at ~16 kD, although a slight reactivity is seen with additional band at 26 kD. The microscope panels show the 
immunofluorescent localization of the survivin (red in the merge image) and kinetochores (Crest, green) in mitotic PtKI 
cells. Some of the protein accumulates to the spindle poles during late prophase (arrowheads), whereas the rest of the 
protein remains diffuse in the cytoplasm. DNA is stained with DAPI (blue). B) Time-lapse sequence of a PtKI cell 
injected with 2.0 mg/ml of anti-survivin-antibody-2 min-after NEB (injection is time point 0 min). The chromosomes 
-move towards the spindle equator, and-15 min-after the injection all chromosomes7 except-one-(arrowhead),-have aligned 
at the equatorial plate. When the sister chromatids of aligned chromosomes separate 22 min after the injection, the 
unaligned chromosome still appears to be mono-oriented as both of its sister chromatids move to the same spindle pole 
(arrowheads), resulting in uneven distribution of genetic material between the daughter cells. C) Diagram showing the 
duration of different mitotic phases in control buffer and anti-survivin antibody-injected PtKI cells. The anti-survivin 
antibody injection did not affect the prometaphase chromosome movements, as the mean duration of the prometaphase 
(NEB-Meta) in anti-survivin-injected cells was near the average duration of prometaphase in control buffer-injected cells. 
However, both the average duration of metaphase stage (Meta-Ana, this group, /i=13, includes only those anti-survivin 
antibody-injected cells that formed a metaphase plate and did not experience onset of anaphase in presence of imaligned 
chromosomes) and the average time from NEB to onset of anaphase were significantly shorter in the anti-survivin 
antibody-injected cells compared with controls. A slightly longer mean duration of anaphase phase and cytokinesis was 
observed in the anti-survivin antibody-injected cells compared with controls, which is possibly due to extra time needed to 
resolve the chromosome bridges in the anti-survivin antibody-injected cells. 
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Figure 4. Anti-survivin antibody-injected PtKl cells escape the chemically induced M phase arrest. PtKl cells were 
arrested at M phase with nocodazole or taxol 30 to 60 min before injection either with anti-survivin or control buffer («=5 
for both drugs and control group). A) Time-lapse sequence of a mitotic PtKl cell arrested at mitosis with nocodazole and 
then injected with anti-survivin antibody (2.0 mg/ml). This cell was treated with the drug for 30 min before introduction 
of the antibody. Approximately 170 min after the injection, the sister chromatids were separated slightly. Soon after, the 
cell membrane started rigorous blebbing, the chromosomes decondensed (time points +175-210 min), and the cell exited 
M phase. B) The same cell was fixed and immunolabeled with anti-rabbit IgG to visualize the injected anti-survivin 
antibody and DAPI stained for DNA. The cell had not completed cytokinesis, instead it had formed a giant polyploid cell 
with a fi-agmented nucleus. 
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Figure 5. 3F3/2 phosphoepitope is lost precociously from the kinetochores of mitotic PtKl cells after introduction 
of anti-survivin antibody. A) Fluorescent micrographs depicting two PtKl cells that were injected with anti-survivin 
antibody (3.0 mg/ml) at early prometaphase. The cells were allowed to progress in their division for 3 and 8 min. 
respectively, before fixation and immunolabeling with anti-3F3/2 ascites and anti-rabbit IgG. The cell fixed 3 min after 
"injecfira" patt ern "with b right signals aFthekine'tochores of c hromosomes ^(some 

depicted with arrowheads) and spindle poles (arrows). The cell fixed 8 min after the injection of had lost most of its 
kinetochore-bound 3F3/2 epitope, although the cell was still at prometaphase stage with many unaligned chromosomes. 
Only two faint 3F3/2-positive kinetochores could be seen (arrowheads). The spindle poles had normal 3F3/2 signals 
(arrows). In both injected cells, the anti-survivin antibody accumulated at the spindle poles (see the arrows in the rabbit 
IgG images). B) Percentage of 3F3/2 positive kinetochores in cell populations injected with anti-survivin antibody or 
control buffer. Groups of 5 to 10 PtKl cells were injected with the antibody at late prophase or early prometaphase and 
allowed to progress in their division for the times indicated before fixation and immunolabeling with anti-3F3/2 ascites 
and Crest anti-centromere sera. The percentage of 3F3/2 spots colocalizing with Crest signals was determined for each 
injected cell. All the kinetochore-bound 3F3/2 was lost within 15 min of the anti-survivin injection; even the cells were at 
prometaphase with some unaligned chromosomes. In the control cells, the 3F3/2 epitope remained at the kinetochores of 
unaligned chromosomes until the chromosomes moved to the spindle equator. The asterisks denote statistical difference 
between the control and anti-survivin antibody-injected cell populations at specific time points (P<0.01; ND, not 
detected). 



Fig. 6 



- metaphase-anaphase 




differentially expressed survivin isoforms 



Figure 6, Possible targets of survivin isoforms during mitosis. The differentially expressed survivin isoforms may 
participate in regulation of various cell division events, including separation of sister chromatids and cytokinesis. See 
discussion for details. 



